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DESCRIPTION 

PROCESS FOR PRODUCING THREE-DIMENSIONAL STRUCTURE 

5 TECHNICAL FIELD 

The present invention relates to a process for 
producing a three-dimensional structure, in 
particular to a process for producing a three- 
dimensional photonic crystal. 

10 

BACKGROUND ART 

Recently, fine working techniques and fine 
working apparatuses have been developed for working 
finer than a visible light length as those in 

15 semiconductor process techniques. Further, 

techniques and apparatuses for working of optical 
elements having a structure of a light wavelength 
level have been developed like photonic crystals 
different from electronic elements. In particular, 

20 in the field of optical elements, a process for 

producing a two-dimensional air-bridge type photonic 
crystal is disclosed which employs electron-beam 
lithography and reactive-ion-beam etching (Physical 
Review Letters, vol.86, No. 11, . p . 2289) . Further, a 

25 process for producing a three-dimensional photonic 
crystal is disclosed in which the three-dimensional 
photonic crystal is produced by laminating different 
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substances alternately by auto-cloning on a two- 
dimensional periodic structure formed on a substrate 
(Applied Physics Letter, vol.77, No. 26, p. 4256). 
Further, a process for producing a- three-dimensional 
5 photonic crystal is disclosed in which fine Si 

spheres are arranged in a solvent (Nature, vol.414, 
p. 289). 

By a semiconductor process technique, although 
the structures having a desired two-dimensional 

10 configuration can be produced, the working in the 
height direction is conducted by a lamination 
technique, so that a three-dimensional fine periodic 
structure cannot readily be produced. Further, the 
aforementioned process of lamination of different 

15 substances on a two-dimensional periodic structure 
formed on a substrate has difficulties of necessity 
of strict cleanness and flatness of the substrate for 
working, required long time for lamination, and labor 
for exchange of the laminating substance, and 

20 evacuation for the film formation. The process of 
arrangement of styrene spheres in a solvent has 
problems of necessity of flatness of the substrate, 
control of the temperature and humidity of the 
preparation atmosphere, and the required time of days 

25 or months for the arrangement formation. 

DISCLOSURE OF THE INVENTION 
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According to an aspect of the present invention, 
there is provided a process for producing a periodic 
structure, comprising the steps of: 

preparing a working object which changes a property 
5 thereof by photoreaction caused by an exciting 
■energy; 

generating a light having a photonic energy of 
intensity of one fraction of natural number divisions 
of the exciting energy by each of light sources of 
10 light-source groups arranged regularly in two- 
dimensional arrangement; and 

concentrating the light emitted from the light source 
group at each of light-concentrating points arranged 
at regular intervals in the working object to cause 

15 photoreaction at and around the light-concentrating 
point to form a periodic structure comprised of 
regions each of which has a changed property in the 
working object. 

The photoreaction is preferably a multiphoton 

20 absorption reaction. 

The lights from the light source group are 
preferably introduced through a light-condensing 
optical system to the working object. 

The lights from the light source group are 

25 preferably coherent lights,. and the lights from the 
light source group are preferably interfered with 
each other in the working object, to make the lights 
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concentrated. 

The lights from the light source group are 
preferably generated by a single light-generating 
source . 

5 The light source group is preferably comprised 

of a single light-generating source and a mask having 
fine pores arranged periodically in one plane, and 
the light from the light-generating source is 
preferably introduced to one face of the mask and 

10 emitted from the other face thereof. 

The light source group are preferably comprised 
of a single light-generating source and a microlens 
array comprising microlenses arranged periodically in 
one plane, and the light from the light-generating 

15 source is preferably introduced to one face of the 
microlens array and emitted from the other face 
thereof . 

The light source group is preferably comprised 
of a single light-generating source and an optical 

2 0 fiber bundle of optical fibers bundled regularly each 
of .which fibers has a microlens on one end, and the 
light from the light-generating source is preferably 
introduced to an end of the optical fiber bundle 
having no microlens, and emitted from the other end 

25 of the fiber bundle. 

The periodic structure is preferably formed in 
three dimensions by changing the relative position of 
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the concentrated points and the working object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates the apparatus for producing 
5 a fine periodical structure of Example 1 of the 
present invention. 

Fig. 2 illustrates the drive-controlling device 
employed in the apparatus for producing a fine 
periodical structure of Example 1 of the present 
10 invention. 

Fig. 3 illustrates the optical fiber employed 
in the apparatus for producing a fine periodical 
structure of Example 2 of the present invention. 

Fig. 4 illustrates the optical fiber bundle 
15 employed in the apparatus for producing a fine 

periodical structure of Example 2 of the present 
invention. 

Fig. 5 illustrates the arrangement in the 
optical fiber bundle employed in the apparatus for 
20 producing a fine periodical structure of Example 2 of 
the present invention. 

Fig. 6 illustrates the apparatus for producing 
a fine periodical structure of Example 2 of the 
present invention . 
25 Fig. 7 illustrates the mask employed in Example 

3 of the present invention. 

Fig. 8 illustrates the mask employed in Example 



WO 2005/033756 



PCT/JP2004/014809 



6 



3 of the present invention. 

Fig. 9 illustrates generation of divergent 
light beams by the mask in Example 3. 

Fig. 10 illustrates the apparatus for producing 
5 a fine periodical structure of Example 3 of the 
present invention . 

Fig. 11 illustrates introduction of light into 
the optical fiber bundle in Example 4 of the present 
invention. 

10 Fig. 12 illustrates the apparatus for producing 

a fine periodical structure of Example 4 of the 
present invention . 

BEST MODE FOR CARRYING OUT THE INVENTION 
15 A photosetting resin or a resist such as epoxy 

resins and urethane-acrylate resins, when irradiated 
with a light beam, causes or does not cause a curing 
reaction locally in correspondence with distribution 
of the light intensity of the projected light. In a 
20 photosetting resin, the portion irradiated with light 
of intensity higher than the threshold of the 
reaction reacts to become cured, whereas the portion 
irradiated with the light of lower intensity is not 
cured and keeps the liquid state. Removal of the 
25 uncured liquid-state resin by washing leaves a cured 
resin portion constituted of a fine periodic 
structure having a refractive index period of an 



WO 2005/033756 



PCT/JP2004/014809 



order of a light wavelength, namely several hundred 
nanometer order. The working object to be worked in 
the present invention comprises a substance which 
changes the property thereof, such as the refractive 
5 index, by absorption of optical energy necessary for 
causing a reaction for change, namely a threshold 
energy, or more (hereinafter the necessary threshold 
energy is referred simply to as an "exciting energy") . 
The terms in the present invention are defined 
10 as below: 

"Unit light" is a light which is emitted from 
each of light sources constituting one of light 
source groups arranged in a two-dimensional regular 
period, and has the photonic energy of one of N 
15 fractions (N: a natural number, hereinafter referred 
to as "1/N-pho tonic energy") of the above-defined 
exciting energy. 

"Unit light source" is a source which emits the 
unit light . 

20 "Unit light group" is a group of the unit 

lights and has the exciting energy as a whole. "Unit 
light source group" is a group of the unit light 
sources which emit a unit light group as a whole. 
The unit light source group is therefore implied by 

25 the above-mentioned light source group arranged in a 
two-dimensional regular period. 

"Light-concentrating point" is a point where 
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the unit lights consisting of the unit light group 
are focused in the working object. 

"Exciting light" is a unit light group 
concentrated at one light-concentrating point and 
5 having the exciting energy. 

"Unit light-concentrating means" is a means for 
concentrating the unit lights consisting of the unit 
light group at one light-concentrating point into the 
exciting light. 
10 "Exciting light-generating means" is a 

combination of the unit light source group and the 
unit light-concentrating means . 

The present invention is practiced as described 

below. 

15 The exciting light-generating means and a 

working object are placed so as to bring the light- 
concentrating point at a prescribed position in the 
working object, and lights of the unit light group 
are introduced into the working object. The exciting 

20 light causes a reaction in a region at and around the 
light-concentrating point to change the property in 
the region. For example, plural parallel laser beams 
employed as the unit light group are introduced 
through a convex lens as the unit light-concentrating 

25 means into the working object to be focused at the 

focal point of the convex lens . Thereby, a reaction 
is caused at and around the focal point. The focused 
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light which is capable of causing a reaction may be 
the exciting light, and the focal point may be the 
light-concentrating point of the present invention. 
In the present invention, "convergent light"' 
5 signifies the light which has the cross-sectional 

area of the projected light at the plane vertical to 
the light propagation direction (hereinafter referred 
to as an "optical axis' 7 ) decreases gradually along 
the light propagation direction to a minimum at a 

10 certain point and then increases gradually with the 
light propagation. An example is a parallel light 
beam converged by passage through a convex lens. In 
the present invention, the term "convergent light" 
signifies the light before focusing at the light- 

15 concentrating point. A group of the convergent light 
emitted from plural unit light groups is called a 
"convergent light group". When parallel light is 
converged and introduced into an object, and causes a 
photoreaction at the center of the minimized area of 

20 the converged light, the center is the light- 
concentrating point in the present invention. 

On the other hand, in the present invention, 
"divergent light" signifies the light which has the 
cross-sectional area of the projected light at the 

25 plane vertical to the optical axis increases 

gradually along the light propagation direction. 
Examples are parallel light beams after passage 
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through a concave lens; parallel light beams 
diverging after focusing by & convex lens; and light 
emitted from a point light source. When two coherent 
divergent lights are superposed spatially, the 
5 divergent lights interfere with each other to result 
in periodic distribution of the light intensity. If 
each of lights at anti-nodes of the interference 
fringe has an intensity equal to or higher than the 
exciting energy, then the light may be the exciting 
10 light in the present invention, and a portion at 
which the antinode exists may be the light- 
concentrating point of the present invention. The 

light is called as "anti-node light" in the present 
p- 

invention. 

15 The regular arrangement of the light- 

concentrating points within the working object is 
called a "light-concentrating point array" . A fine 
periodic structure having two-dimensional regular 
period can be formed at an intended position in a 

20 working object by driving with control the exciting 
light-generating means, and/or the working object so 
as to bring the light-concentrating point array to 
the intended position in the working object. An 
example of the controlled-driving means moves a 

25 working object supported by a piezo element or the 
like and by driving the piezo element electrically 
with the other parts fixed. 
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In the present invention, the term "a unit- 
light source group array" signifies an array of the 
unit light source groups serving as the light source 
of the array of the unit light groups focusing on the 
5 light-concentrating point array. 

The term "an exciting light array" signifies an 
array of the exciting light at the light- 
concentrating point array. 

The term "a unit light-concentrating means 
10 array" signifies an array of the means for 

concentrating the light emitted from the unit light 
source group array to form the exciting light array. 

The combination of the unit-light source group 
array and the unit light-concentrating means array 
15 constitutes an "exciting light array- forming means". 

The exciting light array-forming means enables 
formation of the light-concentrating point array in 
one step. In an embodiment of the present invention, 
a fine periodic structure is produced by 
20 concentrating an array of the unit light groups 

emitted from a unit-light source group array through 
a unit light-concentrating means array on a light- 
concentrating point array to cause photoreaction by 
the formed exciting light array. 
25 In the case where the unit-light group is 

passed through a unit light-concentrating means and 
the transmitted light is convergent, the respective 
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terms of a unit-light group, exciting light, a unit 
light-concentrating means, an exciting light- 
generating means, a unit-light source group array, an 
exciting light array, a unit light-concentrating 
5 means array, and an exciting light array-forming 

means are referred to respectively as "a convergent- 
light source", "-focused light'', "a light-converging 
means", "a focused light-generating means", 
"convergent light source array", "a focused light 

10 array", "a converging means array", and "a focused 
light array- forming means". 

On the other hand, in the case where the unit- 
light group is constituted of at least one of 
divergent coherent lights, the respective terms of a 

15 unit-light group, exciting light, a unit light- 
concentrating means, an exciting light-generating 
means, a unit-light source group array, an exciting 
light array, a unit light-concentrating means array, 
and an exciting light array-forming means are 

20 referred to respectively as "a divergent-light 

source", "antinode light", "a light-diverging means", 
"a divergent light generating means", "divergent 
light source array", "an antinode light pattern", "a 
diverging means array", and "a divergent light array- 

25 forming means". 

In the case where the unit-light group is 
passed through a unit light-concentrating means and 
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the transmitted light is convergent, in one 
embodiment of the present invention, a fine periodic 
structure is produced by converging the light beams 
from convergent-light sources through a light- 
5 converging means array and focusing the converged 
light on a focus point array as the light- 
concentrating point array to cause a photoreaction by 
the obtained focused light array. 

In another embodiment of the present invention, 

10 a working object is worked by introducing divergent 
coherent light to a working object. In this 
embodiment, a divergent-light source array and a 
diverging means array are arranged to bring an 
antinode light pattern to the intended position in 

15 the working object, and plural divergent lights are 

introduced through the diverging means array into the 
working object to generate the antinode light pattern. 
Thereby, a reaction is caused at and around the 
respective antinode centers to form an array of the 

20 regions having the changed property corresponding to 
the pattern. The antinode light pattern gives a 
larger number of light-concentrating points from the 
same number of unit-light sources than the focused 
light array, producing a fine periodic structure more 

25 efficiently. 

A fine three-dimensional fine periodic 
structure can be prepared in a working object through 
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the following steps: forming an exciting light array 
by use of an exciting light array forming means to 
cause a photoreaction as a first working, and 
conducting, after shifting the relative position. of 
5 the working object and the light-concentrating point 
array, a second working in the same manner as the 
first working; or conducting the working with 
continuous shifting of the relative position of the 
working object to the light-concentrating point array 

10 in the working object. In the present invention, the 
working process for obtaining a fine three- 
dimensional periodic structure in which the relative 
position of the exciting light array forming means of 
the present invention and the working object is 

15 shifted during the working is simply called "a three- 
dimensional process". 

One unit light having an energy of 1/N-photonic 
energy equal to the exciting energy (i.e., N=l) is 
capable of causing a reaction at a light-projected 

2 0 small region in the working object by itself as an 
exciting light without combining another unit light 
into a unit-light group, so that the unit light is 
capable of conducting fine working locally with the 
aid of a simply structured exciting light-generating 

25 means consisting of a source of the unit light not 
constituting any unit-light source group and a unit 
light-concentrating means corresponding to the source. 
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For example, in the case where a convergent-light 
source is consisting of a single unit-light source, 
the convergent light from the unit-light source can 
be considered as the unit light having the exciting 
5 energy on the basis of the definitions of the terms, 
and is therefore capable of causing the reactions as 
the focused light by itself. Thereby, the fine 
working as mentioned above can be conducted # in the 
interior of the working object, provided that the 
10 fine controlled driving of such a simply structured 
focused light generating means consisting of the 
f ocused-light source and the focusing means can be 
conducted. 

A working object to be worked by a high-order 
15 nonlinear optical process like a two-photon process 
requires a much higher energy in the working object 
for remarkable result. For example, in a working 
object requiring an energy of twice, the exciting 
energy for one-photon process through the entire 
20 process, the irradiation of unit-light group 

constituted of N unit light beams each having the 
1/N-photonic energy which is useful in one-photon 
process will not cause the reaction. In this working 
object, the reaction is caused by receiving twice the 
25 energy in total. In other word, by the two-photon 
process, the reaction can be caused in a range 
smaller than that of the light-concentrating point 
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area where the reaction is caused by one-photon 
photoreaction. This enables finer local working of 
the working object. 

The apparatus for producing the fine periodic 
5 structure of the present invention may be equipped 
with a temperature-control mechanism for controlling 
the temperature of the working object before, during, 
and after the working. By controlling the 
temperature of the working object by the temperature- 

10 controlling mechanism, the working can be conducted 
with high precision without influence of the 
environment conditions such as temperature . 

As described above, not only a two-dimensional 
structure but a three-dimensional fine periodic 

15 structure constituted of plural units having a unit 
size of tens to hundreds of nanometers can be 
produced by a simple constitution of the apparatus in 
a short time with less labor. More precise working 
can be achieved by utilizing a multiphoton process. 

20 The embodiments of the present invention are 

described below. 

(Formation of Light Source Group by Mask) 
The unit-light source group may be formed from 
a single light source and a mask having fine pores 

25 arranged periodically on one plane. The light 
projected onto the one face of the mask passes 
through the fine pores of the mask and is emitted 
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from the pores on the reverse face as plural 
divergent lights. The emitted plural divergent 
lights are passed through a convex lens for 
conversion into parallel lights, namely a unit-light 
5 group, and the unit-light group are converged by 

passing through a second convex lens into an exciting 
light (The optical system comprised of such two 
convex lenses for converging the divergent light is 
called M a converging system") . As one of the 

10 advantage of this embodiment, the unit-light source 

group array can be formed from a less number of light 
sources than the number of the unit-light groups, for 
example, a single light source. 

The spatial distribution of the convergent 

15 light or divergent light can be controlled, or the 

pattern of the light-concentrating point array or the 
light intensity distribution at a light-concentrating 
point can be controlled by designing the arrangement 
pattern of the diameter or the intervals of the fine 

20 pores of the mask, or by making them to be variable. 
This facilitates working and production of the fine 
structure with a high freedom degree. The mask 
having a variable size of the pores can be produced 
from a material stretchable by temperature, a 

25 material stretchable by electricity such as a piezo 
element, or the like. 

This embodiment having unit-light source group 
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array having a light source and a mask has a 
simplified constitution of the exciting light 
generating means or the exciting light array 
generating means. By this embodiment, the three- 
5 dimensional process is facilitated. The constitution 
can be simplified more by using a convex lens in the 
converging system which has a size for covering the 
pattern of the mask. 

The unit-light source group may be constituted 

10 without employing the converging system to form a 
light-concentrating point array by interference of 
plural divergent lights emitted from the fine pores . 
(Light Source Group With Lens Array) 
The exciting light array-forming means of the 

15 present invention may be a f ocused-light array- 
forming means constituted of a light source and a 
fine lens array module having fine lenses arranged 
periodically. Examples of the fine lens array module 
include a microlens array module comprised of 

20 microlenses fixed by a resin by use of a mold, and a 
fine spherical lens array module comprised of 
microspherical lenses arranged on a glass substrate. 
The lens array serves as the converging means array.. 
The light from a light source projected onto one face 

25 of- the fine lens array module pass through the 

microlenses and emitted from the fine pores on the 
other face as convergent lights to be focused at the 
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light-concentrating points inside the working object. 
Since the microlenses are arranged two-dimensionally 
at regular intervals , the light-concentrating points 
are also arranged two-dimensionally and periodically 
5 to form a light-concentrating point array. The 

focused light array-forming means and/or the working 
object are driven with control to bring the light- 
concentrating point array to a prescribed position in 
the working object, whereby a fine periodic structure 

10 can be produced at the prescribed positions in one 
step inside the working object. This simple and 
durable structure facilitates the positioning by 
driving a focusing light array forming means in the 
three-dimensional process. 

15 (Light Source Group With Optical Fiber) 

A focused-light array-forming means is 
constructed from a light source, and an optical fiber 
bundle constituted of optical fibers bundled 
regularly and having a micro convex lens at one end 

20 of the respective optical fibers. The micro convex 

lenses are arranged regularly at the end of the fiber 
bundle. The positions and intervals of the light- 
concentrating points inside the working object can be 
controlled by the regularity of the arrangement. In 

25 an example of the optical fiber arrangement, an 

optical fiber bundle is constituted from six optical 
fibers having a micro convex lens having the same 
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diameter as the optical fiber at one end of the 
respective fibers , and another one optical fiber 
having the same diameter but having no micro convex 
lens surrounded by the above six optical fibers, and 
5 the peripheries of all of the micro convex lenses are 
in contact with the end of the central fiber. A 
light such as parallel light of a laser beam 
introduced to the ends of the optical fibers having 
no micro convex lens is emitted as convergnt light 

10 from the micro convex lenses at the opposite ends. 

The emitted convergent light is focused respectively 
in the working object to form a light-concentrating 
point array corresponding to the micro lens array. 
The use of optical fiber bundle as the exciting 

15 array- forming means simplifies the constitution. 

Further, the mechanical flexibility of the optical 
fiber gives higher degree of freedom in positioning 
of the light-concentrating point array. When the 
light beams focused on the light-concentrating points 

20 have respectively the exciting energy, the light- 
concentrating points are the exciting light spot in 
the present invention, and the array of the light 
beams is a focused light array. In this case, the 
light transmitted through the one of the optical 

25 fibers having a micro convex lens has an exciting 
energy. Thus by arranging optical fibers for 
transmitting unit light group composed of one or more 
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unit light beams, a focused-light array-forming means 
can be constituted readily without employing a 
complicated unit light-concentrating meansunit light- 
concentrating means array to obtain an intended 
5 light-concentrating point array. 

As described above, the converging systenw the 
fine lens array module and the micro convex lenses 
generate convergent lights, respectively. Here, a 
term "light-condensing optical system" means a lens 

10 or lens group which generates convergent lights such 
as the converging system, the fine lens array module 
and the micro convex lenses. Microlens array module 
102 and microlens 303 in Examples 1 and 2 described 
later, respectively, exemplify the light-condensing 

15 optical system. A light-condensing optical system 
therefore may be comprised in a unit light- 
cbncentrating means or a light-concentrating means 
array. 

The light introduced to the optical fiber 
20 having no micro convex lens at one end is emitted 

from the other end of the fiber as divergent light. 
With a micro convex lens having short focal length, 
the light is converged and focused once, and then 
allowed to propagate as divergent light. Therefore, 
25 the emitted divergent light can be controlled by 

selecting the focal length of the micro lenses. Like 
this, divergent light group can be generated from the 
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optical fiber bundle. Therefore, in this embodiment, 
the light-concentrating point array can be an array 
constituted of a focused lights but also constituted 
of an antinode light pattern. Naturally, by 
5 utilizing the aforementioned advantage of the focused 
light array-forming means comprised of the fiber 
bundle, the position, density and the like of the 
antinode light pattern can be controlled. 

Fine periodic structures having different basic 

10 patterns of light-concentrating point arrays can 

readily be produced by providing an optical switch 
for at least one fiber of the optical fiber bundle. 
For example, in the case where an optical fiber 
bundle is constituted such that the centers of the 

15 three microlenses are arranged in a triangular 

lattice two-dimensionally, and an optical switch is 
provided for each of the optical fibers, The 
arrangement of the light-concentrating points can be 
selected from one point, two points in different 

20 directions, and three points in the triangle. The 
optical switch is exemplified by an AO element 
(acousooptics) . 
EXAMPLES 

Specific examples of the present invention are 
25 explained by reference to drawings. Throughput the 
drawings, the corresponding members are indicated by 
the same symbols. 



WO 2005/033756 PCT/JP2004/014809 

23 

[Example 1] 

Fig. 1 shows a constitution of an apparatus for 
producing a fine periodic structure employed in the 
present invention- In Fig. 1, the x, y, and z 
5 directions are defined by the coordinate axes. The 
numeral 101 indicates a dye laser which emits a laser 
beam 109, parallel light, of a wavelength of 700 nm 
and a beam diameter of about 1 mm. The numeral 102 
indicates a microlens array module having a 100><100 

10 square lattice matrix of microlenses of about 20 v™. 
diameter. Dye laser 101 and microlens array 102 are 
supported by support 107 on fixed table 112. Dye 
laser 101 and microlens array module 102 constitute a 
focused light array-forming means. The numeral 103 

15 indicates a glass cell for holding photosetting resin 
104, a working object, which is to be solidified by 
polymerization by application of an exciting energy 
corresponding to the light of a wavelength of about 
350 nm. The glass cell is set on fine x-y-z 

20 adjustment mechanism 105. Coarse x-y-z adjustment 

mechanism 106 having a built-in motor and fine x-y-z 
adjustment mechanism 105 having a built-in PZT 
element drive coarsely and finely the glass cell 103 
in the x, y, and z directions, and adjust the 

25 relative position of glass cell 103 to the focused 
light array- forming means. The both adjustment 
mechanisms are controlled by control device 108 
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according to the information as to the position on 
support 107. The PZT element enables fine adjustment 
in a range of several nanometers to several 
micrometers, and the motor enables coarse adjustment 
5 .in the range of several micrometers to several 
millimeters. Support 107, fine x-y-z adjustment 
mechanism 105, coarse x-y-z adjustment mechanism 10 6, 
and control device 108 constitute a drive controlling 
assembly. Fig. 2 shows this constitution of drive- 
10 controlling assembly 201. 

Laser beam 109 is converted to convergent light 
group 110 by passage through the microlens array. 
The position of the glass cell 103 is adjusted 
preliminarily by drive-controlling assembly 201 such 
15 that the convergent light group introduced into 

photosetting resin 104 forms focused light array 111 
on the interface between photosetting resin 104 and 
the bottom face of glass cell 103. Thereto the laser 
beam is projected. Consequently, the photosetting 
20 resin is solidified by polymerization by a two-photon 
process at and around the light-concentrating points. 
In this example, convergent light group 110 is 
projected into the photosetting resin for 5 seconds 
to form a fine periodic structure of a two- 
25 dimensional matrix having periods of about 20 pm in x 
and y directions and the solidification regions of 
200 nm. The diameter of the region of the formed 
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fine period structure is about 1 mm corresponding to 
the laser beam diameter of about 1 mm. After this 
working, the glass cell is moved by 10 ]im in x 
direction by means of drive-controlling assembly 2 01, 
5 and convergent light group 110 is again projected. 
Thereby a fine periodic structure of a two- 
dimensional matrix having periods of about 10 pm in x 
direction and about 20 pi in y direction and the 
solidification region of 200 nm. The size of the 

10 solidification region can be arbitrarily controlled 
by controlling the convergent light group, the 
projection time, and other factors. In another 
working operation, the convergent light group is 
projected into photosetting resin 104 with glass cell 

15 103 being driven, immediately after start of the 
working, by drive-controlling assembly 201 in a 
circular motion of 5 )im diameter in the x-y plane and 
in a negative z direction. Thereby a fine periodic 
structure can be obtained in which solidified regions 

20 in a spiral in the z direction are arranged in the x- 
y plane in the resin. As described above, three- 
dimensional fine periodic structure can readily be 
obtained by the process for producing a fine periodic 
structure of the present invention by use of the 

25 apparatus for producing the fine period structure of 
this example. 
[Example 2] 



WO 2005/033756 



PCT/JP2004/014809 



26 



Fig. 6 shows a constitution of the fine 
periodic structure of the present invention, 
employing an optical fiber bundle as the convergent 
light array- forming means. The x, y, and z 
5 directions are defined by the coordinate in Fig. 6. 
The numeral 401 in Fig. 6 indicates the optical fiber 
bundle 401 shown as in Figs. 4 and 5. The optical 
fiber bundle is held in optical fiber holder 402 
having a hexagonal hole the central axes in 
10 longitudinal direction of' which holder and hole 
coincide with each other, and is constituted of 
sixty-one optical fibers 301 shown in Fig. 3, which 
are placed in parallel in the hole of the holder and 
arranged in a triangular lattice in the cross-section 
15 perpendicular to the axis of holder 402. The optical 
fiber 301 is constituted of fiber portion 302 having 
a diameter of about 100 um and a length of about 5 cm 
and microlens 303. Sixty-one microlenses 303 are 
placed to have the lens ends uniformly flat at the 
20 end face perpendicular to the long axis of holder 402 
as shown in Fig. 4, and are arranged in a triangular 
lattice as shown in Fig. 5. Optical fiber bundle 401 
converts laser beam 109 to convergent light group 610 
emitted from microlenses 303. Convex lens 614 held 
25 by lens holder 613 supported by support 107 adjusts 
the directions of each of the convergent light beams 
of convergent light group 610 to decrease the 
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distance between the light-concentrating points in 
light-concentrating point array 612. The direction- 
adjusted beams of the convergent light group are 
emitted from convex lens 614 as modified convergent 
5 light flux 611. Dye laser 101, optical fiber bundle 
401, and convex lens 614 constitute a f ocused-light 
array-forming means. 

The position of glass cell 103, is adjusted 
preliminarily by drive-controlling assembly 201 such 

10 that convergent light group 611 introduced into 

photosetting resin 104 forms focused light array 612 
on the interface between the photosetting resin and 
the bottom face of glass cell 103. Thereto the laser 
beam is projected. For example, projection of 

15 focused light group 611 to the photosetting resin for 
5 seconds forms two-dimensional fine period structure 
of a period of about 10 ]im and a solidified region of 
about 200 nm. Convex lens 614 is effective,, for 
example, such that the light-concentrating point 

20 intervals of about 100 jim without convex lens 614 is 
decreased to about 20 \wi by use of convex lens 614 
and passage of the focused light group through, convex 
lens 614. After this first working, the glass cell 
is moved in the x direction by 10 pm and fixed by 

25 drive-controlling assembly 201. Then convergent 
light group 611 is projected to the photosetting 
resin. Thereby a two-dimensional fine periodic 
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structure is obtained which has a period of about 10 
|im in the x direction, a period of about 20 pm in the 
• y direction, and a solidified region of about 200 nm. 
The size of the solidified region can be varied 
5 arbitrarily by adjusting the intensity of the 

convergent light, the irradiation time, and the like 
conditions . A fine periodic structure having 
solidified regions in a spiral in the z direction 
arranged in the x-y plane in the resin can readily be 

10 prepared in the same manner as in Example 1. As 
described above, a three-dimensional periodic 
structure can readily be prepared with the apparatus 
for fine periodic structure production of this 
example . 

15 [Example 3] 

This example shows a constitution employing a 
light source and a mask as the divergent light- 
generating means. Fig. 10 shows the constitution of 
the apparatus for producing a fine periodic structure 

20 employed in this example. This apparatus has 

divergent light-generating means 1002 constituted of 
HeCd laser 101 as the light source for emitting a 
light of a wavelength of 355 nm and spot diameter of 
about 2 mm, and mask 701 as the light diverging means. 

25 Divergent light group 905 generated by divergent 
light-generating means 1002 is introduced into 
working object 104 contained in glass cell 103. 
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Fig. 7 shows mask 701 employed in this example. 
This mask 701 is made of Si substrate 7.02 of a 
thickness of about 200 pm in which fine pores 703' are 
bored at intervals of 10 pm in a 3*3 matrix. Fig. 8 
5 is a plan view of the mask shown in Fig. 7. Fig. 9 
is a sectional view taken along line 9-9 in Fig. 8. 
As shown in Fig. 9, parallel light introduced to one 
face of mask 7 01 passes through- nine fine pores 703 
and is emitted from the other face as nine divergent 
10 lights 902 diffracted by the fine pores. The nine 

divergent lights have spatial overlaps 903,904. The 
emitted light beams consisting of these divergent 
lights are referred to as a divergent light group. 
As working object 104, an epoxy type 
15 photosetting resin is used which has an absorption 

band region in the wavelength region longer than the 
wavelength of an HdCd laser for polymerization. 

Laser light beam 1003 emitted from HeCd laser 
101 is directed to one face of mask 701, and 
20 divergent light group 905 is allowed to emit from the 
other face. This divergent light group 905 is 
introduced into photosetting resin 104. The beams of 
divergent light group 905, which have the same 
wavelength and three-dimensional overlap, interfere 
25 in photosetting resin 104 to form interference 

pattern in the light intensity distribution . In the 
photosetting resin, portions where the light energy 
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intensity is not lower than that for initiation of 
the polymerization is cured, and the rest portion of 
the resin remains uncured in a liquid state. Removal 
of the remaining liquid resin by washing gives a fine 
5 periodic structure formed from cured photosetting 
resin 104 corresponding to the light intensity 
distribution . 

In this example, for producing a three- 
dimensional structure, two HeCd lasers 1006 for a 
10 wavelength of 355 nm are placed in the lateral sides 
of glass cell 103 in opposition as shown in Fig- 10. 
Light beams 1007 of 2 mm in spot diameter emitted 
from HeCd lasers 1006 are expanded by beam expanders 
1008 to beams 1009 of spot diameters of about 2 cm. 
15 Beams 1009 are projected parallel with each other in 
opposition into photosetting resin 104, and interfere 
with each other to form a stationary wave in one- 
dimensional direction in the resin. Similarly as in 
divergent light group 905, portions of the resin is 
20 cured where the light energy intensity is not lower 
than that for initiation of the polymerization, and 
the rest portion of the resin remains uncured in a 
liquid state. Removal of the remaining liquid resin 
by washing gives a fine periodic structure 
25 constituted of cured photosetting resin 104 

corresponding to the light intensity distribution. 

A three-dimensional fine periodic structure can 
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.be produced in a short time with high precision by 
use of the apparatus for fine periodic structure 
having a constitution of this example. 
[Example 4] 

5 In this example, the divergent light-generating 

means is comprised of a light source, and an optical 
fiber bundle comprising at least one optical fiber 
having a fine lens at the end thereof. 

Fig. 11 shows introduction of incident light 

10 beam 1105 into fiber bundle 1102 of this example 

constituted of nine optical fibers 1103 held by fiber 
holder 1101. Microlenses 1107 are provided at the 
ends of the optical fibers 1103 at the divergent 
light emission side. The optical fibers has a 

15 diameter of 50 \xm, and have a microlens formed by 
fusion of the tip by laser irradiation at the 
respective ends. Fiber holder 1101 is made of an Si 
substrate, having fine pores in a two-dimensional 
periodic arrangement formed by photolithography for 

20 setting the optical fibers. 

Fig. 12 shows an apparatus for production of a 
fine periodic structure employing a divergent light- 
generating means comprised of a light source and 
optical fiber bundle 1102 shown in Fig. 11. The 

25 numerals 1201, 1202, and 1203 indicate respectively a 
laser for emitting ultraviolet light of 320, 340, or 
360 ran. The three lasers are connected respectively 
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to three of optical fibers 1103 by fiber couplers 
1204. Laser beams are introduced to the optical 
fibers, and divergent light groups 1213 emitted from 
microlenses 1107 are introduced to photosetting resin 
5 104, a working object, contained in glass cell 103. 
The numeral 1212 indicates a base of the apparatus. 
Fiber holder 1101 is supported by a fiber holder- 
supporting portion of base 1212. Optical fibers 1103 
are connected to optical switches 1205. The light 

10 passing through optical fiber 1103 can be switched by 
controlling the optical switches by optical switch 
driving device 1211 through wiring 1210. 

In this example, plural wavelengths of the 
light beams are employed for introducing to the 

15 respective optical fibers, whereby the interference 

configuration formed by divergent light beams emitted 
from microlenses 1107, namely the light intensity 
distribution, is made different from the interference 
configuration obtained from single wavelength light. 

20 

This application claims priority from Japanese 
Patent Application No. 2003-344412 filed on October 2, 
2003, which is hereby incorporated by reference 
25 herein. 



